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Relativistic electron and proton impact cross sections are obtained and represented by analytic forms which
span the energy range from threshold to 10° eV. For ionization processes, the Massey-Mohr continuum
generalized oscillator strength surface is parametrized. Parameters are determined by simultaneous fitting to
(1) empirical data, (2) the Bethe sum rule, and (3) doubly differential cross sections for ionization.
Branching ratios for dissociation and predissociation from important states of N, and O, are determined.
The efficiency for the production of atomic nitrogen and oxygen by protons with kinetic energy less than 1
GeV is determined using these branching ratio and cross section assignments.

I. INTRODUCTION

Recently several papers estimating the production of
nitric oxide by cosmic rays have appeared. =% Central
to the determination of the nitric oxide produced by cos-
mic rays is the number and state of excitation of atomic
nitrogen atoms which result during the deposition pro-
cess, In previous determinations rough estimates of
these quantities have been obtained. In the present pa-
per we report a more complete determination of the
production of atomic nitrogen and oxygen atoms by cos-
mic rays,

Our method may be described as a detailed atomic
cross section approach which has evolved from the work
of Green and collaborators,*™® In the present paper we
generalize the approach to relativistic energies and de-
fine branching ratios for dissociation to give the effi-
ciency for production of atomic nitrogen and oxygen.
While the incident protons (other heavy projectiles may
be treated in the Born approximation in an analogous
manner) are relativistic, it is important to realize that
a large fraction of this incident energy is actually de-
posited in the accessible states of N, and O, by sec-
ondary electrons of low energy (a few 10’s of eV). Con-
sequently, the low energy electron cross sections and
the shape of the secondary electron spectrum as a func-
tion of secondary energy for a given primary energy
are of considerable importance, It also should be
pointed out that because of the change in shape of the
secondary electron spectrum with changing primary en-
ergy, as well as the changing energy dependence of var-
ious processes, that the efficiency for the production
of atomic species is a function of the local energy of the
projectile at each depth into the gas, We determine the
dependence of the efficiency on the projectile energy in
the present paper.

Some previous attempts have been made to obtain
secondary electron distributions produced by cosmic
ray sources, ! however, they have been limited to
high energy secondary electrons (> 100 keV). The re-
sults we obtain here are intended to provide secondary
electron distributions over a very large range of pri-
mary and secondary energies necessary for many ap-
plied purposes. These are the first results to our
knowledge of detailed apportionment of an incident rel-
ativistic projectile’s energy into various modes of ex-
citation,
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Il. FORMULATION

A. Relativistic generalized oscillator strengths

The theoretical treatment of inelastic cross sections
at relativistic energies was originally given by
Bethe'®!® and is valid so long as coupling to the radia-
tion field can be neglected. This situation prevails
over a large domain of incident energies, for electrons,
for example, with kinetic energy, E< 10° ev.™ The
relativistic form for the differential scattering cross
section is given by!% 13+

do,/d=4e ™ cee (k' /B) | n(K)|?
x[K:=(e-e'Pr %], (1)

Where e is the electronic charge, 7 is Planck’s con-
stant divided by 27, ¢ is the speed of light, € and €’ are
the total energy including the rest energy before and
after the collision, respectively, 2 and &2’ are the inci-
dent and final wave numbers, K is the magnitude of the
momentum transfer and 7,(X) is the relativistic form
factor for excitation of the state j. Central to our
evaluation of Eq. (1) is an approximation due to
Bethe'®!3 (cf, Ref. 14) which relates the nonrelativistic
generalized oscillator strength to the square of the rela-
tivistic form factor, viz.,

ln/(K)Izﬁ {QRf;(K)/WH (Kay>1)
QRfj(K)/Wj - W:;fj(())(l _ Ba)/(szzR 2) ,

(Kag<<1)  (2)
where

Q= (Kay)* ~(W%/2mc?®R)

is a dimensionless form of the four momentum trans-
fer, a, is the Bohr radius, R is the Rydberg energy,
f{{K) is the nonrelativistic generalized oscillator
strength, m is the electron rest mass, g is the ratio
of the projectile velocity, v, to the speed of light, c,
and W, is the energy loss. This expression is valid for
energy loss W;<mc?~ 0.511 MeV. This domain of
validity is a serious restriction only when considering
the production of high energy secondary electrons.
However, as discussed later, in this limit the second-
ary electron may be regarded as free. Consequently,
there are no serious difficulties in implementation
which result from this restriction, at least for light
atoms or molecules.
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The total cross section for excitation of the jth dis-
crete state can be shown to be

. 2q, y [ ()12 dx (3)
" muR % (x=w3/2mc®R)?

where x =(Kap). xy and x, are the minimum and maxi-
mum momentum transfer values, which are determined
from the conservation of energy and momentum, viz.,

<=(mfc4+h’zkzcz)”2= e+ Wy,
and
K=(k-k").
Here, go=47a2R%and has the numerical value
6.513x 107" eV 2. cm?, m, is the rest mass of the pro-
jectile and the other symbols have their previous mean-

ings. Clearly no distinction is made between incident
projectiles except for charge and mass.

B. Allowed discrete excitations

Equation (3) for the total cross section coupled with
Expression (2) gives rise to the following form for al-
lowed discrete excitation, owing to the form of the
generalized oscillator strengths'®

_ ) mge 2) ¢y ] 2}
“"(mszcz/zw,)wﬁ{m [4< 2w, /(1-8%]" . @
Here £,(0) is the optical oscillator strength and C,isa
factor that is determined from the shape of the general-
ized oscillator strength, For most practical applica-
tions, C; can be chosen as a constant independent of en-
ergy at high energy.

Clearly, however, this form of the cross section,
while reducing to the nonrelativistic Bethe asymptotic
cross section, is not applicable at low energies where
the Born approximation breaks down. Consequently,
we have made use of our previous work where the low
energy behavior of the cross section was stressed,*™®
viz.,

_4of(0)p(2W,/mB3c?) §. [4(mBic?/2W,)C
%= 0(jm;azcz/:zjw,)wf {h’[ A= ’+€]—62 ,

(5)
where ¢(2W,/mB%c?) is a distortion factor and allows
for variations from the asymptotic Bethe formula at low

energy. Explicitly
2w; \ 2w, \°1%1 [mpBec? >
"’(mﬁzc’)'[l‘(mﬁzc‘) ] 9( ow, ~Y - ©
where

mpte? {1, (mp2c?/2)= W,
9( 2w, _1>= 0, (mBzcz/2)<W,.

The factor e in Eq. (5) allows C, to be chosen a con-
stant equal to the asymptotic value in Eq. (4) while the
parameters of Eq. (8) are used to determine the low
energy behavior, Based upon previous generalized os-
cillator strength and cross section assignments, ~° we
have determined the optical oscillator strength, and the
parameters C,, oy, $; appearing in Eq. (5) and tabu-
lated in Table I. (It has been found convenient in pre-

" vious work to also treat W; as a parameter to fit some

TABLE I. Cross section parameters for electron and proton
impact.

Electron Proton
Allowed
states W;lev) ;0 o oy By J v
N,
b'r, 12,5 0.666 0,056 1.24 3.66 1.98 1.0
b'z; 13.3 0.321  0.061 1,28 3.72 1.83 1.0
On
B3z 8.4 0.254 0.037 1.19 2,31 3,35 0.5
9.9 eV peak 9.9 0.0285 0,622 1.38 3.44 4,44 0.5
N, Rydbergs
Quantum
defect p F*
0.7 xic; 15.58 5.11 0,062 1.18 3.44 1.8 1.0
1,04 Alm, 16,73 2.24 0.065 1.17 3.42 1.8 1,0
0. 87 Bz, 18.75 1.16 0.075 1.16 3.36 1.8 1.0
1.33 D, 22,0 0.784 0,082 1.15 3.32 1.8 1.0
0.5 c-z, 23,6 0. 784 0,09 1.13 3.25 1.8 1,0
0.3 10 eV’ state 40,0 112 0.096 1,13 3.25 1.8 1.0
O. Rydbergs
Quantum
defect p F~
1.0% X', 12.1 0, 688 0,044  1.22 3,71 2,40 0,8
1.00 a's, 16.1 1.634 0.062 1.18 3.44 2,40 0.8
1.07 Az, 16.9 1.634 0.065 1.17 3.41 2,40 0.8
0. 69 bizy 18.2 1.462 0.073  1.16 3,36 2.40 0.8
1.00 Bz 20,3 0.946 0.093 1.14 3.28 221 0,8
1.00 elsn D 23,0 1.376 0,093 1,14 3.28 2.21 9.8
1.00 37 eV 37.0 0.86 0,093 1,14 3.28 2,21 0.8
Forbidden states Wy e\ F; Q oy 51 J I
N‘J
vib 0 1-3 1.85 0.273 7.0 1.0 1o 1,32 20
vib ¢ 4-¥ 2,15 0.241 9.0 .0 1.0 1.28 2,0
ATTHVK) 8,00 0.226 3.0 1.0 1,0
B'r, (first pos.) 8.50 0,178 3.0 3.0 1.0
C*r, (second pos.) 11,05 0.28 3.0 3.0 1.0
E’z; 11.9 0.048 3.0 3.0 1.0
a'ry (LBH) 8.6 0.138 1.0 1,0 1.0  0.994 1.0
a’'zy 12.25 0.027 1.0 2.3 1.0 0,667 2.0
O
b's: ‘1,64 0.0005 3,0 3.0 1.0
ala, 0.98 0.0005 3.0 3.0 1.0
ATy 4.5 0.021 0.9 L0 1.0 213 0.5

states close to threshold.)

Rydberg series are treated as in our previous work,
Here, the magnitude of the optical oscillator strength
is assumed to vary as

FAO)=F*/(n~p),

where F* is a constant for the Rydberg series in ques-
tion, » is the principle quantum number, and p is the
quantum defect for the series. The C, appearing in
Egs. (4) and (5) is also assumed to be independent of »
for n=n,;, where », is conveniently chosen equal to 5
for the present determinations. Consequently, we may
sum the contribution to all higher lying members.
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o GF*0(2Wg/mpic?)
%2 By = p 3V (mBc /2W)

2.2
Pl o

where
Wg=I-R/(n, - p)* .

Tabulations of these parameters for the important
states of N, and O, are also shown in Table I.

Equation (4) may also be shown to hold for proton ex-
citation of discrete allowed states, where § is deter-
mined appropriately for protons., We neglect, here,
motion of the center of momentum frame. At low en-
ergy where breakdown of the Born approximation is evi-
dent, the proton cross sections are found to have shapes
different than those obtained for electrons, Conse-
quently, we make use of our previous work on proton
cross sections’®!® to obtain an analytic form which be-
haves as Eq. (4) in the high energy domain but at low
energy like our previous determinations. Here, we de-
fine ¢(2W,/mp3c?) appearing in Eq. (5) for protons by

2W, _ (MZCZ/ZW )v+1
¢(mﬁzcz)_J""1+(mﬁzcz/f‘ZW,)"” . (8)

The parameters J and v for the proton cross sections
are given in Table I. Proton excitation of Rydberg se-
ries is treated as in Eq. (7) with ¢(2W,/mB%c?) given
by Eq. (8). We have taken 1 GeV, as a practical upper
energy limit for protons since no nuclear cross sections
are presently considered.

C. Forbidden excitations

Optically forbidden transitions for which f,(0)=0 are
evaluated in an analogous manner from Eq. (2) and Eq.
(3), viz.,

ot
cT’_(mﬁ cé/2w)IwWs’
where

ot Ida)i®
F-’_Ll (x_‘ W?/ZMCzRF dx . (9)

For applied purposes, these cross sections are impor-
tant only at low energies. Borrowing again upon our
previous work,*~® we have used the form

_ 4 F,qb(ZWl/mBaca)
0;= o(mﬁzcz/ZW,)W? > (10)

where
2w, \ [1-(2w,/mB3c?)*1]51
¢(—mﬁchz)_ (mﬁzi.Z/zwj)D-l )

to span the full energy range. The parameters F,, oj,
By, § are determined in accord with our previous cross
section determinations at low energies. Eq. (9) also
describes the asymptotic proton cross section. The
proton low energy distortion parameter ¢ is chosen as

2w, B (m[gzcz/zwl)wl
¢(mﬁzc’) TTW L (mpict/ew)B (11)

Proton excitation of N, and O, involving a change of
multiplicity is treated as being strictly forbidden, Fy
=0. The parameters J and v are listed in Table I.

D. Continuous processes

The approximation of Eq. (2) for the relativistic
form factor may be generalized for continuous pro-
cesses (for W< mc?) to

R df(K, W)
woaw

QB A W) WH1-p%) df(0, W)
W aw RZ%2mc? aw

(Kag<<1) (12)

where 7(K, W) is the relativistic form factor for exci-
tation of the continuum per unit range of energy loss W,
[df (K, W)/dW] is the nonrelativistic generalized oscil-
lator strength density per unit range of energy loss W,
and the other symbols are as defined previously. The
cross section for production of secondary electrons per
unit range of energy loss W, for incident Kkinetic ener-
gy, E, denoted by S(E, W), is then given by

90 Tu [ (K, W% dx
S(E, W) = ]
(&, W) (mBEc2/2)w fx, [x = (W*/2mc?R)]*
To obtain relativistic determinations of S(E, W), we

have made use of an analytic parametrization of the
Massey—-Mohr-Bethe surface of hydrogen, *° viz. ,

(Kag> 1)
| T)(K, W) l 2 =

B

(13)

df(x,w) Ay x+3w]wexp[-(2/a,)arctana,)

dOW/B) Tl Bls aval [T = exole2a/ag] * 2

where w=W/I is a reduced energy loss, a,=[w-1]}'/%,
I is the ionization potential and A, y, and B, are param-
eters which are considered to be functions of W, While
this form appears rather restricted and will not fit the
complex shapes for some atoms (cf. Ref. 20), we have
found it to be surprisingly versatile in representing a
variety of Bethe surfaces. It has proven to be quite
successful in representing the Bethe surface calculated
for neon® and atomic oxygen®! as well as the restricted
range of the Bethe surface for N, and O, empirically de-
termined by Silverman and Lassettre. %2

This form has a number of useful features. For ex-
ample, it can be simply integrated when substituted in-
to Eq. (13). In addition, it behaves correctly for large
values of the energy loss by picking up the Bethe ridge.
This latter behavior is important both for establishing
the W2 behavior at large energy loss and for satisfy-
ing the Bethe sum rule. The use of this form is re-
stricted by Eq. (12) for W<< mc?, which we have inter-
preted practically as W= 10* eV for the present con-
siderations. As has been mentioned previously, at
such large values of energy transfer the secondary
electron can be treated as free. The values of S(E, W)
for W > 10* eV can be obtained directly from the Moller
cross section.® The exchange corrections in the Mol-
ler cross section must be set to zero for proton initi-
ated ionizations. The large energy transfer region for
proton impact will be treated using a modification of
the Bhabha cross section.?
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FIG. 1. Comparison of empirically determined®®?® df/d(w/R)
with Eq. (14) (see text). (a) N, and (b) O,.

To obtain the parameters appearing in Eq. (14) we
have simultaneously fit (1) the available empirical con-
tinuum generalized oscillator strength data®'?; (2) the
differential cross section data®®? for secondary elec-
tron ejection; (3) the Bethe sum rule; and (4) the total
ionization cross section data.?® For simplicity in ob-
taining relativistic S(E, W) values we have assumed that
the shape of each ionization continuum making up the
total Bethe surface for each respective gas is constant.
The ionization potential I has, consequently, been
treated as an “effective” ionization potential in fitting
the manifold of ionization continua making up each gas.
The fraction of the total Bethe surface contributed by
each continua is given by A,/A where A=5,A, and ¢
runs over the number of continua. For consistency we
have set

A, df
* e 2L
F3=27.2 2 5 (0, W) ot

where F“‘,‘ is the Rydberg optical oscillator strength

constant for continua ¢. These assignments are made
compatible with the branching ratio determinations to
be discussed later as well as with our previous assign-
ments, ¥°

In Fig. 1 we show a comparison of the Bethe surface
calculated from Eq. (14) and the parameters of Table II
with empirical determinations of Silverman and Las-
settre, 2% As can be seen, the agreement is gener-
ally within 15%. In Fig. 2 we show a comparison of the
S(E, T) values (where W=T+1), as determined from Eq.
(13) and the parameters of Table II, with the empirical
determinations of Opal et al. % a5 normalized by Green
and Sawada.? As can be seen the agreement here is
again within about 15%. Either the S(E, T) or the gen-
eralized oscillator strength data can be fit to substan-
tially higher accuracy; however, the simultaneous fit-
ting can be carried out at best to about 15%. We note
that for the parametrizations given in Table II, the
Bethe sum rule is satisfied to 10% or better out to
(Kap)* values of 500, This range of (Ka,)? covers the
range of energy loss out to about 10* eV or the range of
validity of Eq. (12).

E. Analytic parametrization of S(£,T)

While the functional form of Eq. (14) is analytically
integrable over x, it can not subsequently be integrated
analytically over W to arrive at the total cross section.

TABLE II. Bethe surface parameters.?

A=A W =I+0.1)B3[(W-D"+a,2]" + g, [afs+ (W —1)%]"1}
Ba=by (W —1+0, 1MW —D" + 5,11
=g (W —I+0. ) [(W D3+ g,

Parameter N, Parameter O,
I © 15,6 eV I 15.2 eV
a, 26.42 eV a 1.389%10° eV
a, 1,313 a, 3,808x10™"
a, 1,608x107% g 3.0x1072
a, 9,70x1077 a4 5.083x1077
as 1.826%x10% eV a; 2,589x10% eV
ag -1.795 ag —2,097
by 1.137x10° b, 6.557x10°
b, 6.088 eV b, 5.324 eV
b, 2,448 by 2. 269
b, 1.081x107% b, ~1.411x10™
) 2.629x10* g 2.0x10!
£ 5.436 eV £ 5.287 eV
& 3.333 2 3.132
£4 8.4x107 8¢ —6.750x1072
A(15.58)° 1.567x10'  A,(12.1) 3. 881 x 107
A,(16.73) 6.868x10°  A4,(16.1) 9.217x10?
A,(18.,75) 3.571x10°  A,(16.9) 9.217x10%
A,4(22.0) 2,404x10°  A,(18.2) 8. 247 x 102
Ag(23.6) 2.403x10°  A.(20.3) 5.334x10?
Ag(40.0) 3.434x10% A, (23,0) 7.762x10
A,(37.0) 4,851x10°
Aol 3.434x10° Ay, 4.851x10%

3With reference to Eq. (14),
“Values in parenthesis are the threshold energy.
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It is convenient, for applied purposes, to obtain an ex-
pression which can approximate the results of Eq. (13)
at high energies and the empirical S(E, T) data at low
energies, thus covering the full energy range from near
threshold to ~ 100 MeV electron energy but yet pos-
sesses an analytic form when integrated over W. Green
and Sawada? have used an analytic form similar to the
Breit—Wigner form used in nuclear physics to param-

etrize the Opal ef al.?® S(E, T) data. We have modified
this functional form to have the correct relativistic be-
havior of Eq. (4) for the total ionization cross section.
This behavior essentially results from the small energy
loss behavior W <500 eV. A further modification of
the Breit—Wigner form has been incorporated to include
exchange and spin dependent corrections at high energy
and energy loss values, viz.,

) FQ(E) 2 { mpic?\ ¢ } 1 B(E)
S D ; (mp=c (Kr (E)n [ ( 21, )(1—,82)]'32 <(T—T0)2+I‘2(E) (T-T,F+ r‘E)
1 1 2 Emc?+ (mc?) 1

"
+Neme ((E— T-I,)2+ I +(E+ mc)P

where N, is the number of electrons of the neutral mo-
lecular species. F,(E) is an energy dependent amplitude
factor for the ionization continuum j and j runs over the
number of continua., The last term of this expression
on the top line embodies the Breit—Wigner form of
Green and Sawada®” at low energy and the behavior of
Eq. (13) at high energy. The factor B(E) reduces the
magnitude of the relativistic rise of Eq. (4} to match
with the magnitude of the (mpa%c?/2)* W2 behavior in the
Moller cross section at high energy loss values. The
remaining terms are just the Moller corrections for
spin and exchange, The factor I’ is introduced to can-
cel these terms at incident energies below about 1
keV.

The parameters appearing in Table III have been ob-
tained by fitting the shape of the low energy empirical
data of Opal et al.?® and then normalizing to the total
ionization cross section of Rapp and Golden.?® The high
energy behavior is fit to the results obtained from Eq.
(13) which join smoothly to the Moller cross section at
large energy loss.

S(E, T>=Z —ﬁ%(%)—{f{rz(m[ (%%flﬁf%w) —ﬁz]

mﬁc

B(E,)
(T~ T,)2

1
) ((T— T +THE) ~

where N, is the number of electrons of the neutral
molecule; F,(E) is a low energy amplitude distortion
factor for the continuum j, and m, is the projectile rest
mass, The factor B(E,) in the second bracket has as
its argument the electron kinetic energy corresponding
to an electron moving with the projectile velocity. The
purpose of this term is again to reduce the magnitude
of the relativistic rise to the ($mpg%c%)"'w™2 behavior
expected in the Bhabha cross section® for larger val-
ues of W. The last term in brackets describes the de-
viations from this behavior at large energy transfer
and reduces to the Bhabha® form at high incident en-
ergy. The parameter § has been inserted to prevent
domination by this term at small values of the proton

(E+mc®  (T+I)(E-T-1)+

>+N 7 [(2AE + 2myc )2 = (T, + I, + 8)* (T+Ij)'1]}

(15)

1"2)) ’

A comparison of the N, total ionization cross section
obtained from Eq. (15) and the parameters of Table III
is shown in Fig, 3 with empirical determinations, %%
A comparison of S(E, T) computed from Eq. (15) and
the parameters of Table III is shown in Fig. 4 with re-
sults of Opal et al.?® and Green and Sawada®' and the
high energy results computed from Eq. (13) using the
parameters of Table II. In general the agreement is
better that 156% over the full primary and secondary en-
ergy domain, Some differences larger than 15% occur,
however, usually at small values of the secondary en-
ergy (T <7 eV) where the empirical results are of great-
est uncertainty., In view of this general agreement and
the range of experimental uncertainties, there appears
to be no serious disadvantage to the use of Eq. (15) for
most applied purposes. Similar accuracy is obtained
for O, using the parameters of Table III,

[

In the treatment of secondary electron production by
proton bombardment we make use of the work of Bhabha?®
at large energy transfer which we have modified
slightly for use at low incident kinetic energies as well,

(16)

I

kinetic energy. T, appearing here is the maximum en-
ergy transfer to a free stationary electron and is given
by 25

B E(E + 2m,c?)
" (E+mecE)+ (my/m)(E+m,c®)’

where E is the projectile kinetic energy. It is assumed
that the proton has a point magnetic moment equal in
magnitude to that of an electron. At the cutoff ener-
gies for protons presently considered, there is no er-
ror introduced by this approximation, If extrapolation
to considerably higher energy is desired, form factors
for the charge and anomalous magnetic moment must be
considered, ¥
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FIG. 2. Comparison of empirically fit S (E, T)¥ with results
of Eq. (14). (see text). (a) N, and (b) O,.

TABLE III. S(E,T) parameters for electron and proton impact.

Electrons?

FyE) =

Dy .
STeETITT) B e ey s

I‘OI‘gE AE
- s 5 [ }

T(E) Lt BB+ T [H(E) E-1,
Ta

To(E}= Ty~ E+ Ty

Parameter N, 0O, Parameter N, O,

B, 0.029 0.030 K 7.58x10716 6.55 x10™1¢

B, 1.035 1.035 T, (eV) 11.1 13.1

Ey(eV) 8239 8239 T, 0.029 3.06

T, 53.3 68.3 TgleV) 51,3 25.6

Ty 115 189.1 Ep (V) 1.5 129.1

N, 14 16 T, 4.0 6.34

A, eV) 5000 5000 T, 2450 4101

o 2.3 7.64 T, §3.8 78.4
i 1 7 D, Cy
1 15.58 0.456 4,23 2,48
2 16.73 0.2 2.3 2,66

X 3 18,75 0. 104 .3.35 2,99

4 4 22, 0.07 200 3.50

5 23.6 0,07 200 3,786
6 40 0.1 200 6,37
1 12.1 0.08 1.16 1.93
2 16.1 0.19 1.57 2.56

o 3 16.9 0.19 200 2,69

4 4 18,2 0.17 200 2,90
5 20,3 0.11 200 3.23
6 23 0.16 200 3.66
7 37 6.1 200 5.89
Protons®

Parameters K, Tg, T, Ty, ‘r,, Cy, f;, and the function B(E,) are the same as
above

Ty
I(E)=
B Tyt T
TyE)=T fs
VRIS T (dmpPet+ ty)
Ampich™r,
F =
HE) - T Gt T
Parameter N, O,
Y V) 1.27x1¢ 5.0% 10°
¥ (V) 1.81x 10" 7.60% 104
t, eV) 2,03%x10* 2,52x 1%
t, (eV) 1.97x1¢ 1.28% 102
J (eV) 3.39 40.3
v -1.93x 10" 3.14x 107
§ (V) 84.0 132.1

*With reference to Eq. (15).  ®With reference to Eq. (16).

Cross Section {x10'®cm?)

P N P Y U Y |

FIG. 3. Comparison of the calculated N,
ionization cross section from Eq. (15) with
the empirical determinations of Rapp and
Golden®® and Schram et al.? (A).

Kinetic Energy (eV)

o2 5 o? 10° 10* 108 108
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—~ To) . . FIG. 4. Comparison of the
T A e = ]
= - — 107eV calculated electron N, S(E, T)
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a7 . 10%eV (—) with Opal et al.* (x)
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A comparison of the results of Eq. {16) using the pa-
rameters of Table III and the empirical S(E, T) data of
Crooks and Rudd®! and Toburen® is shown in Fig. 5.

A comparison of the total ionization cross section com-
puted from Eq. (16) and various empirical determina-
tions is shown in Fig. 6. Clearly the agreement is ac-
ceptable for most applied purposes. A similar accu-
racy is obtained for O, and the parameters of Table

III. For completeness we note that the empirical
data®®% indicates that secondary electrons may be pro-
duced at energies above the classical impact cutoff 7.
Owing to the very rapid drop off in the probability for
production of these electrons, however, we have chosen
T, as a practical cutoff.

We have made no attempt to separate out the K shell
ionization processes in our analysis. A previous dis-
cussion by Khare® indicates that the K shell ionization
cross section is about 1% of the total ionization cross
section in N,, A similar percentage would also be ex-
pected for O,. Some alteration in the shape of S(E, T)
is expected due to Auger electrons. However, a recent
calculation by Soong* shows that Auger electrons in
neon produced by 10° eV primary electrons contribute
only about 3% to the degradation spectrum, In view of
the empirical uncertainties ~ 10%, we have not attempted
at this time to incorporate the Auger spectrum into our
S(E, T} results,

I1l. BRANCHING RATIOS FOR DISSOCIATION
A. Nitrogen

Molecular nitrogen is a very stable homonuclear
molecule in which both singlet and triplet states are
found to be strongly bound. As a consequence, disso-
ciation of the molecule via the direct excitation of re-
pulsive states is almost nonexistent, On the other hand,
measurements of the total dissociation cross section
by Winters® and the dissociative ionization cross sec-
tion by Rapp et al.%® indicate that processes leading to
dissociation of the N, molecule are highly probable.

The main processes appear to be predissociation of

stable electronic terms by repulsive states that are
themselves strongly optically forbidden in direct exci-
tation. As a consequence of this, dissociation process-
es in N, are not “new” processes to be included in
competition with other excitation processes when con-
sidering energy apportionment, but rather are final
products that result from given excitations.

We define the branching ratio for predissociation
(i. e., the fraction of excitations of the vibrational level
v’ of the electronic term % that predissociate) by

_ -Iv'.k
v, R 2
' AV’,k+IV',k+AIU',k+SU'.k

B

where I, , is the rate for spontaneous predissociation,
Ay, is the total rate for spontaneous radiative transi-

>
@
(]
5 FIG. 5. Comparison of the
¢ calculated proton Ny S(E, T)
Q cross section from Eq. (16)
ol (—) with the empirical data
— of Rudd®' (0) and Toburen®?
l:- (a) at various incident energles.
» F 1 MeV b
10* —
L 4
1g° -]
1 PR T S S N S N |
0> 10" 10* 10°

Secondary Energy T (eV)
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FIG. 6. Comparison of the calculated total proton ionization
cross section determined by integration of Eq. (16) with
various empirical determinations. Protong: McNeal and
Clark® (x); deHeer ef al.®(v); Hooper (A); Crooks and Rudd®!
(a). Electrons: Shhram et al.? (o).

tion, Al , is the rate for spontaneous autoionization
and S, , is the quenching rate for the vibrational level
v’ of the electronic state k. It is clear from this ex-
pression that a knowledge of each of these rate coef-
ficients is required if the branching ratio for predis-
sociation is to be determined. Unfortunately, at the
present, only fairly rough estimates of the various
rates can be obtained from the literature,

Our analysis for the a'n,, C*m, and b'7, states in N,
follows closely that given by Polak et al. % predissoci-
ation of the a 'y, state of Nj is observed for v’=6,3%%
This predissociation is heterogeneous and thought to oc-
cur via the 52; state. Consequently it is dependent on
the rotational temperature. Polak et al.*" estimate

Lisg,aty, ™ 1. 4x10°T, sec™? ,

where T, is the rotational temperature, The radiative
transition rate is about*®

Ayr,ate, =T 1% 10° sec™ ,

We will neglect the quenching of the a 11r, state and other
_states for the present purposes of obtaining an effective
dissociation cross section to compare with empirical
measurements, Assuming a rotational temperature of
300°K and folding in these rate estimates with the
Franck—-Condon factors of Nicholls** we obtain the net
branching ratio for predissociation from the a 11r, state
shown in Table IV. We also show here the expected
dissociation products.

The C®n, state is observed to have two different types
of predissociation.*® One of these occurs via the 511,,
interaction and the other via the C’%q, interaction.
Polak et al.¥" estimate that, for the important levels

Apcdy, =2 X 107 sec™!
while
Is,c8%,~1%10° sec™! .

Folding these estimates into the Franck—Condon fac-
tors of Zare et al.*® we arrive at the net predissocia-
tion branching ratio for the C*y, state shown in Table

IV. The dissociation fragments assumed are also
shown here,

Many vibrational levels of the b g, state of N, are
observed to be diffuse in absorption and absent in
emission probably indicating predissociation. The
predissociation apparently occurs via the C’3r, state*
and consequently is homogeneous and does not depend
upon the rotational temperature. We have used the
Lo sl estimates of Polak ef al. 3" based upon absorp-
tion widths and an estimate of 1.5 x10° sec™ for
Ay p1,,. Folding these rates into the Franck-Condon
factors of Nicholls*! we arrive at the net branching ra-
tio for predissociation shown in Table IV. The dissoci-
ation fragments are assumed to be N(*$°) and N(2D"),
consistent with predissociation via the C’ 3y, state,
Only brief discussions of the b’ '=} are presented in the
literature, however, higher vibrational levels are ab-
sent in emission and breaking off of the rotational struc-
ture in emission*'* indicates predissociation. In the
absence of more detailed accounts, we have assumed
that the branching ratio for predissociation of the b’ !Z?,
state is equal to that of the b 'y, state. The predissoci-
ation is assumed to occur via a 32; state giving the
fragments shown in Table IV.

The Rydberg series in N, that converge to the Nj
X2z} state as well as the members of other Rydberg
series that lie below the lowest ionization threshold can-
not autoionize., However, there is evidence for strong
predissociation here****® and Zipf!” has suggested that
the Rydberg states of ‘1r,, symmetry are predissociated
by the C’31r,, state. Since these levels are optically al-
lowed and are not observed in emission, they must have
predissociation rates comparable to the Ly,p1g, Inthe
absence of a more detailed understanding, we have set
L+, r 2104, g for those Rydberg levels with thresholds
less than the lowest ionization threshold, The dissoci-
ation fragments for each of these levels are assumed to
be N(*s%)+N(%D?).

Cook and Ogawa*® have determined photoionization
branching ratios for some Rydberg levels lying above
the lowest ionization threshold. Since these states are
not observed strongly in emission and have autoioniza-
tion branching ratios of roughly about 0. 5, the rates
satisty I, g~ Al,. g for small » values n=5, Assuming
a rough n dependence of n™ for the autoionization rates
as discussed by Freund,49 we determined the branch-
ing ratios for predissociation summed for n=5 as
shown in Table IV, The assignment of dissociation
fragments for these high-lying Rydbergs is somewhat
arbitrary., However, owing to the considerable effort
in determining cross sections for N1 emissions®*~%%¢
resulting from electron impact on N,, we have some
idea of the higher levels of excitation of the dissociation
fragments. The assignments shown in Table IV give
good agreement with the cross sections as determined
above, The dissociation fragments for the remaining
Rydberg levels lying above the ionization threshold have
been arbitrarily assigned by choosing an appearance
potential close to but below the Rydberg level threshold,

The processes leading to dissociative ionization in
N, are only poorly understood, °!** There appear to be
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TABLE IV. Branching ratios for predissociation and dissociation.

N, Branching
Excited state ratio
a'm (LBH) 0.2
blm, 0.8
bz 0.8
C’r,(sec. pos.) 0.5
Rydberg
Principle Principle
quantum Branching Dissociation quantum Branching
number ratio products number ratio
Xz A,
n=3 1.0 N¢shH + NEDY) n=3 1.0
n=4 1.0 N(¢sh + N¢EDY) n=4 1.0
n=5 1.0 N(s% + N(PY) n=5 0.68
B 22; D 21rg
n=3 1,0 NED% + NEPY) n=3 1.0
n=4 0.5 N¢DY) + NEPY) n=4 0.5
nz5 0.68 N(D" + NEPY n=5 0.68
clsy 40 eV
n=3 0.5 N(¢S")+N@3s®P)1493 n=3 0.5
n=4 0.5 N(ESYH+N@Bs'P)1200 n=4 0.5
nz5 0,68 NS+ N@s*P)1200 =5 0.68
Ionization Branching
continua ratio
D'm, 1.0
cizy 1.0
40 eV
Branching Dissociation Branching
ratio products ratio
0.228 N*{P) + N(3s* P)1200 0.019
0.139 N*(P)+ N(3s°P)1493 0.005
0.077 N*(P)+ N(3s2P)1743 0.007
0.011 N*(P)+N(4s?P)1177 0.125
0.093 N*(P)+ N(35'P)8680 0.008
0.043 N*P) + N(3s?D)1243 0, 010
0, 060 N'CP)+ N(2p*P)1134 0.010
0,032 N*(P)+ N(3d?D)1164 0.011
0. 029
0.093
O, Branching
Excited state ratio
Bz, 1.0
9.9 eV Peak 1.0
A%z 1.0
Rydberg
Principle Principle
quantum Branching Dissociation guantum Branching
number ratio product number ratio
X 21(‘ a 471'"
n=3 1.0 0€P)+ 0o('D) n=3 0.5
n=4 1.0 08P) + O('S) n=4 0.5
n=5 1.0 o¢P)+ 0('s) n=5 0.68
A 21ru b 42;
n=3 0.5 o)+ 0('s) n=3 0.5
n=4 0.5 0fP) + 0(35°5)1356 n=4 0.5
n=5 0.68 0fP)+ 0(35°5)1356 n=5 0.68

Dissociation
products

N8+ N('S?)
N(s%+N(D%
N{*s) + NCDY
N(4SO) + N(4sO)

Dissociation
products

N(450)+ N(ZDO)
N(4SO)+N(2P0)
N(2D0)+ N(ZDO)

N(2D0)+ N(ZPO)
N(s%)+ N(3s2P)1493
N(s% + N(3s*P)1200

N(s") + N(38s%D)1243
N(sY) + N(3s2P)1743
N(s" + N4s?P)1177

Dissociation
products

N(s)+N*(P)
NEDY+ N*CP)

Dissociation
products

N(s%) + N*¢P)91s
N(sY +N*(\D)776
N(sY + N* (3s'P)746
N(sY) +N*(D)1084
N(s% + N* (3d°F)5001
N@sYh + N* (3s°P)630
N(SY + N* (5)645
N(s%) + N*(3p°D)5668
N(s9 + N* (3p°D)5681
N(Esh) + N

Dissociation
products

oéry+o(D)
o(p)+o('Dp)
o¢P)+ 0GP)

Dissociation
product

o('p)+ o('s)
0GP) + 0(35%5)1304
0lP)+ 0(35°$)1304

0€P) + 0(35°5)1304
0€P) + 0(3525)1304
ofP)+ 0(3p°P)8477
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TABLE IV (Continued)
Rydberg
Principle Prineiple
quantum Branching Dissociation quantum Branching Dissociation
number ratio product number ratio product
Bz} sy, fra
n=3 0.5 0@P)+ 0(3s°P)1356 n=3 0.5 ofpr)+ 0By’ P)84T7
n=4 0.5 ofP)+03s°P)7T7T74 n=4 0.5 0CP)+ 0(8s°P)879
n=z5 0.68 o¢P)+ 0(Bs*P)T774 n=z5 0.68 0(P)+ 0(3s°D)990
37 eV
n=3 0.5 olPy+ 0(3s°P)7774
n=4 0.5 O¢P)+ 0(4p°P)4368
n=5 0.68 0o¢P)+ 0(4p3P)4368
Ionization Branching Dissociation
continua ratio products
B’z 1.0 ofp)+ 0 (‘s")
ctzy, (o 0.9 o('p)+ 0* (s
37 eV {0. 7 {o(3p) +0"(‘P)
0.3 ofp)+ 0 (D)

three or four major processes giving rise to various
kinetic energy distributions of the dissociation frag-
ments, Two of these processes have appearance po~
tentials which correlate reasonably well with Franck—
Condon thresholds for excitation of the C*Z} and D?r,
states of N3, There is evidence for predissociation of
the C%3! probably via a *r, giving N(*s%) + N*(*P) as the
dissociation fragments. Also there is little evidence
for the excitation of the Dzvr, state by electron impact,
Thus, the participation of these states is questionable,
However, in the absence of a better understanding, we
have assigned the thresholds of Table II and dissocia-
tion fragments of Table IV to these processes. A third
major process correlates with an appearance potential
of about 35 eV *'*52 although there appears to be a range
of possible appearance potentials for the higher kinetic
energy dissociation fragments. In view of this, we have
chosen an approximate threshold energy of 40 eV for
the multitude of processes occurring in this range. The
apportionment of the oscillator strengths among these
processes is made to give a total dissociative ioniza-
tion cross section in reasonable agreement with Rapp
et al.®* The relative contribution for each process is
determined to preserve the approximate proportion of
dissociation fragments as estimated from Deleanu and
Stockdale®® at 160 eV,

As a check on the 40 eV proportion, empirical deter-
minations of the cross sections for dissociative ioniza-
tion followed by radiative emission from N1 and N1t
terms were summed, The thresholds for the onset of
dissociative ionization appear clearly in many of the N1
emission cross section measurements and allow an es-
timation of the size of the lower lying processes.

These have been subtracted to give an estimate of the
dissociative ionization contribution. The sum of these
cross sections at 120 eV plus the cross section for pro-
duction of N* as measured by Crow and McConkey*?
was found to agree with the previous determination to
within 10%. Owing to the large number of N1 emission

cross sections which have been measured, this agree-
ment would appear to add some credence to our assign-
ment, Branching ratios within the 40 eV state have
been assigned as shown in Table IV which give good
agreement with the measured emission cross sections.

In Fig. 7 we show a comparison of the total N, dis-
sociation cross section from Winters® with the “effec-
tive” dissociation cross section solid line obtained from
the branching ratio assignments of Table IV, We also
show a comparison of the computed dissociative ioniza-
tion cross section with that of Rapp et al.® The agree-
ment is generally good.

B. Oxygen

In contrast with N, O, is found to be less strongly
bound, Here excitation to the repulsive wall above the

Cross Section (x10°cm)

o
o

o
)

1 1

1
500 1000
Electron Kinetic Energy (eV)

1
50 100 200

FIG. 7. Comparison of total dissociative cross section in N,
from Winters®® (o) with calculated cross sections (—) from
branching ratios in Table IV. Also shown are the dissociative
ionization cross sections in N,(A) and O,(0) measured by
Rapp et al,”® and our computed resuits N, (—) and Oy(—).
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dissociation limit and excitation of purely repulsive
states appears to be the major cause of dissociation.
Predissociation, however, does appear to play some
role in the dissociation of O,. Again as in Np, however,
dissociation is not a “new ” process competing with di-
rect excitation of the molecule but must again be treated
in terms of branching ratios,

The main dissociation mechanism of O, below about
9.5 eV is the excitation to the repulsive wall of the
BT state, In addition to this major mechanism, pre-
dissociation of various vibrational levels of the BSE;
is also observed.® Considering the overwhelming
strength of the continuum, we have set the branching
ratio for dissociation at 1. The dissociation fragments
are assigned to be O(}P) + O('D) as shown in Table IV,
We have assumed the same dissociation branching ratio
for the 9.9 eV state with dissociation fragments O('D)
+0('D). The A%z} state is also assigned a branching
ratio of 1 for dissociation in accord with results of
Moore,* The dissociation fragments are assumed to be
o(’P)+0(p).

The absorption spectrum of O, is extremely complex
in the region from about 12 to 16 eV. The Rydberg se-
ries converging on the a*r, and A%y, states of O} auto-
ionize®®57 and predissociate, *® Owing to this complex-
ity, the Rydberg series lying in this interval have been
treated using the same systematics as previously dis-
cussed for N, and the results are shown in Table IV,

Some measurements for the cross section for O1
emissions in connection with O, excitation have been de-
termined®® although they are not as extensive as for N1.
We have assigned the branching ratios appearing in
Table IV to be in agreement with these cross sections
where possible. The cross section for O(*5°) and O(3S°)
is expected to be about the same size.*™ States below
the threshold for O(3$% + O(3P) production are arbitrari-
ly assigned following the same procedure as in N,.
While these resulis are approximate, they should give
a reasonable clue as to what happens in this region.
Extensive Rydberg series are observed leading to the
B®z; state. The absence of allowed transitions and dif-
fuseness of the series in absorption suggest predisso-
ciation and autoionization occurs here.*® Similar be-
havior is observed in the Rydberg series converging to
the c*Z; state.® We again have used the systematics
as applied to N, to arrive at the predissociation branch-
ratios as given in Table IV. The dissociation fragments
are expected to be triplet and quintet states of the oxy-
gen atom.*?

There is a somewhat better understanding of the pro-
cesses leading to dissociative ionization of Q,*%52:8
and there appear to be four major contributing pro-
cesses. For the present purposes we will neglect the
finer details® and attempt to be generally consistent
with the gross features. The lowest peak in the kinetic
energy distribution of O* atoms®? and high Rydberg O
atoms*® correlates well with the B*Z state (although
see the discussion of Ref. 60). The absence of allowed
emission B?%;-A %r, suggests predissociation*® and this
has been recently established in photoelectron—photo-
ion coincidence.® We have assumed the predissocia-

tion branching ratio is 1. The dissociation fragments
are assumed to be O(*P) and 0*(*s%, The 2.0 and 3.0
eV kinetic energy peaks of O* peakssa and high Rydberg
atoms*® have been attributed to predissociation of the
c*z; and ?7,(III) states in O3, There is, however, an
observed c*s]~b5*T; Hopfield system of O3. In our
analysis these states have been combined as an effec-
tive state with the branching ratio for predissociation
and fragments given in Table IV. The 5 eV feature of
0*% and high Rydberg atoms*® has been attributed to
predissociation of the T and/or *z;.*° The dissocia~
tion fragments are expected to be O(P)+0*(*P). The
continuum oscillator strength has been apportioned be-
tween these three levels to give good agreement with
the dissociative ionization cross section of Rapp e? al.
and to preserve our estimates of the relative contribu-
tion that each of these processes makes to the kinetic
distribution of O* ions measured by Deleanu and Stock-
dale®® at 85 eV.

Results of the branching ratio determinations for O,
are shown in Fig. 7 where we show a comparison of the
empirical and calculated dissociative ionization cross
section. We also show our estimate of the total dis-
sociation cross section in O; as determined from our
branching ratios and cross sections (-~ line).

IV. RESULTS

The cross sections of Sec. II have been incorporated
into a detailed atomic cross section approach to proton
energy deposition. This method has been described in
detail elsewhere'®™® and only a brief review will be
given here. In the continuous slowing down approxima-
tion (CSDA) the loss function or stopping power, L(E),
is given by

L(E)=—(1/n) (dE/dx) (17)

where # is the gas density and dE/dx is the rate of
change of the incident particle’s kinetic energy with dis-
tance between x and x+dx. The loss function is con-
structed from

L(E)= Y p; LY(E) (18)
i

where { runs over the number of gases contributing to

the loss function and p; is the fractional composition of
the ith constituent. Each gas constituent loss function

for the proton deposition problem is obtained from

1
(53 7°[3 w0+ 3 (W T9)o5+ Lo, (1)
d

¢=0
where ¢ is the charge state of the projectile (¢=0 is
hydrogen and c=1 is a proton), d runs over the number
of discrete processes with threshold energy w, and
cross section ¢, I runs over all continuous processes
with threshold W; and mean energy loss to the continu-
um {7'%) with total cross section 0§ and L,),, is the
elastic loss. In Eq. (19) f¢ is the equilibrium fraction
for charge component c¢ of the beam, and for a multi-
constituent gas we define this quantity by

f1= [Z 91031/ Z‘: (p‘o(‘n+p‘o{0)]

fo:l_fls
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FIG. 8. (a) Electron efficiencies for important atom produc-

ing states. Rydberg levels are summed for the same branch~
ing ratio values. (b) Proton efficiencies for important atom
producing states. Rydberg levels are summed as above.

where ¢}, is the stripping cross section for constituent
i and o; is the capture cross section for constituent i,
While the spatial aspects of the energy deposition can
be simply obtained in CSDA, we wish to concentrate
here on the efficiency or fraction of the incident pro-
jectile’s kinetic energy which is eventually deposited in
each state of excitation of the gas., The efficiency is
defined by

Eff(E)=[W,J(E)/E] ,

where J, is the total number of excitations of the state
K which result in degrading to zero energy the incident
projectile of kinetic energy E and qll subsequent elec-
trons produced. It is composed of three contributions

Jk = Jk, protons T Jk, bydrogen T Jk. electrons *

In Fig. 8 we show electron impact efficiences for ex-
citation of important atom producing states in N, and O,.
Also shown for comparison is the total efficiency for the
production of ions (N3+N*) and (O}+ O*). In Fig. 8 we
also show the heavy particle impact efficiencies that we

obtain for important atom producing states in N, and O,.
Of interest here is the increasing importance of the
charge exchange cycle as a mode of energy loss below
10 MeV. As the efficiency for the charge exchange
cycle increases there is a compensating change in the
efficiencies of other states. The leveling off of the ef-
ficiencies above about 10 MeV is not expected to con-
tinue to energies above about 1 GeV, since nuclear pro-
cesses will begin to play a significant role in the energy
loss. In Fig. 9, we show our electron and proton eV/
ion pair as a function of energy., We also show our cal-
culated eV /atomic species in N, and O, as a function of
energy.

It is to be noted that atomic oxygen is produced al-
most as efficiently as atomic nitrogen even though the
abundance of O, in air is only one quarter as great as
N,. As can also be clearly seen, the eV/atomic species
is a rapidly changing function of energy below about 150
eV in the case of electron impact and 500 keV in the
case of proton impact, The €V /ion pair in airfor elec-
tron impact is 34.5 at 10* eV while for proton impact at
2 MeV it is 35,.8. The combination of these results
gives ~ 1,27 N and N* atoms produced per ion pair in
air at high energy (in the asymptotic region) for both
proton and electron impact. This result is ~27% larger
than the value used by Nicolet, ' It is in good agreement
with the value used by Ruderman and Chamberlain® and
about 15% smaller than that used by Crutzen ef al.® We
obtain a value ~ 1,15 O and O* atoms produced in air
per ion pair by electron or proton impact at high ener-
gy. This is the first reported value for the atomic oxy-
gen production by electron and proton impact to our

_ knowledge. It is interesting to note that the eV/oxygen

atom ratio declines for lower electron energy. This
is a consequence of the large production of oxygen
atoms from the A %3} state,

Our results are summarized in Table V. We have
listed approximate proportions of excited atoms neglect-
ing cascade to the lowest allowed term. While these

[ S
[}
o (S~
g = A\-\_____.N’__
z z ® .= - = -
< 0L .
S Q{;&n%o;ﬂa‘ Electron(eV)
® NEN' F———x e P e g——
///
1 o+0*
10 L -
10° . L 1 ] L
10 10 io® 10* 10®  10*

Kinetic Energy

FIG. 9. eV/ion pair (-x-x); eV/atomic nitrogen species (~);
eV/N*(-+-+); eV/atomic oxygen species (-—--), Upper curves,
protons (kinetic energy in keV); lower curves, electrons
(kinetic energy in eV).
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TABLE V. Distribution of states of atomic nitrogen produced
by proton impact at 1 MeV,

Species eV/species Number/ion pair
N(‘sY 6.67x10! 0.538

N¢DY) 9.43x10! 0,381

NEPY 4.62x10? 0.078

N(3s’P) 2.09x10° 0.018

N(3s'P) 1.66x10° 0,022

N(3s?D) 6.39x10° 0.56x107?
N{4s°P) 1.05x10° 0.34x1073

N* 2.33x10? 0.154

Total ground state N atoms

Total excited state N atoms

Total atom production (1 MeV)
Total atom production (asymptotic)

=0,538/ion pair
=0.660/ion pair
=1,2/ion pair
=1,27/ion pair

proportions are to some degree arbitrary, they should
serve as useful estimates until more detailed empirical
or theoretical results become available,

To gain a feeling for the sensitivity of the nitrogen
atom production on the low energy portion of the spec-
trum (= 30 eV), where our “effective” cross section de-
termined from our branching ratio assignments is in
poorest agreement with experiment we have arbitrarily
set the alqr, branching ratio equal to unity, The result-
ing dissociation cross section is shown as a dashed line
in Fig, 7. Using this a'n, branching ratio, the asymp-
totic eV /atom nitrogen ratio drops to ~25.0 or 1.42 N
and N* atoms/ion pair. Thus a factor of 5 change in
the branching ratio for the a ln, results in only about an
11% change in the eV/atom ratio. Because of the large
population of this state, it has the largest influence of
any state considered for the eV /nitrogen atom ratio.
Consequently, the atom production rates are surpris-
ingly insensitive to the low energy cross section be-
havior, In view of the relatively large uncertainties of
the total dissociation cross section measurement of Win-
ters, ¥ we feel the 1.27 N or N* atoms/ion pair is a
“best ” estimate.

V. SUMMARY AND CONCLUSIONS

We have used well founded theoretical prescriptions
to extrapolate proton and electron cross sections into
the relativistic domain. Since both the high and low en-
ergy behavior of the cross section forms is required
for practical considerations we have found appropriate
analytic forms which span the range from threshold to
relativistic energies. These cross sections combined
with branching ratios for dissociation (or alternately
emission and autoionization) form a self-consistent de-
scription of the energy deposition process.

We have used these results to arrive at the relativis-
tic eV/ion pair for electrons and protons as well as the
eV /atomic species. In addition we have obtained some
estimate as to the proportion of excited atoms to ground
state atoms., Finally, it is observed that the efficiency
for production of atomic species changes with the parti-
cle energy.
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